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This study systematically examines an anion commonly used in room temperature
ionic liquids, hexafluorophosphate PF6
−, and its non-covalent interactions with up
to two explicit water molecules (PF6
−(H2O)n where n = 1, 2). Initial low-energy
configurations are identified via a set of relaxed angular scans across the edges and
faces of the PF6
− octahedron using the global hybrid M06-2X density functional with
a triple-ζ correlation consistent basis set augmented with diffuse functions on all non-
hydrogen atoms (cc-pVTZ for H and aug-cc-pVTZ for P, O, F; denoted haTZ). Full
geometry optimizations are performed on these initial structures using a variety of
common density functionals theory (DFT) methods (B3LYP, B3LYP-D3, M06-2X,
and ωB97XD) as well as the MP2 and CCSD(T) ab initio methods with the same
haTZ basis set. The corresponding harmonic vibrational frequencies are computed for
all identified stationary points. Single point energy computations are also performed
on the CCSD(T)/haTZ geometries using the CCSD(T) method with an analogous
quadruple-ζ basis set (haQZ). A new PF6
−(H2O)2 minimum has been identified that
is approximately 2 kcal mol−1 lower in energy than any other structure previously
reported in the literature. For the PF6
−(H2O)1 system, DFT computations identify
two unique stationary points competing for the lowest energy configuration, which
is consistent with prior work. However, only one of these structures is a stationary
point on the MP2 and CCSD(T) potential energy surfaces. This result suggests that
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Room Temperature Ionic Liquids (RTILs) are ionic salts that form liquids at or
near room temperature.1 RTILs are increasingly used as solvents in a wide range
of applications because of their low vapor pressures, high conductivities, and low
flammability. In addition, by changing the anion-cation combination or adding a
co-solvent, the properties of the RTIL can be customized for particular application.1
Water, a common co-solvent and potential impurity, has the potential to change
the physical properties of a given RTIL (e.g. conductivity, density, solubility, vis-
cosity).2–4 The water-RTIL interaction has been studied extensively in the literature
both experimentally and computationally. Studies have found that when compared
to the cation-water interaction, the anion-water interactions contributed more to the
strength of water’s interaction with an RTIL.5–9 In addition, several studies found
that the anion and water form an alternating Anion-Water-Anion pattern when in-
teracting.4,5,10,11
Compared to other commonly used RTILs, the PF6
− based RTILs have been
shown to form some of the weakest water-anion hydrogen bonds5 and have one of the
lowest miscibilities with water.7,12–14 As such, PF6
− is one of the least hygroscopic
anions for RTILs, and is generally used to make “hydrophobic” ionic liquids.15
In order to get a more detailed understanding of the water-anion interaction in
PF6
− based RTILs, two studies focused on the explicit solvation of PF6− with one
or two water molecules (PF6
−(H2O)n=1,2) and without the presence of a cation.15,16
Wang et al. identified a monohydrate structure (denoted as configuration C2v Edge
in Figure 1 of the present study) as well as a dihydrate configuration (denoted as
configuration D2h Edge-Edge in Figure 2 of the present study).
15 In that study, these
structures were identified as minima on the HF/6-31G* potential energy surfaces but
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not with the B3LYP or MP2 methods when using the same 6-31G* basis set. In
response to Wang et al., Rodriguez-Otero et al. published a subsequent analysis
that was able to identify the corresponding minima with both the B3LYP and MP2
methods when using the 6-31++G** basis set.16 In addition, Rodriguez-Otero et al.
identified another monohydrate water structure (denoted as configuration Cs Edge in
Figure 1 of the present study), but only when they did not include diffuse functions
in their basis sets. This present study builds upon these prior works by performing
a more extensive exploration of the possible configurations for the PF6
−(H2O)n=1,2
systems using both DFT and ab initio methods.
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2 Computational Methods
Relaxed angular scans are performed over several coordinates of PF6
−(H2O)n (where
n = 1,2) using the M06-2X17 density functional with Dunning’s correlation consis-
tent triple-ζ basis set augmented with diffuse functions on all non-hydrogen atoms
(cc-pVTZ for H and aug-cc-pVTZ for P ,O, and F; denoted haTZ).18,19 The resulting
low-energy configurations are then fully optimized with the haTZ basis set using var-
ious density functional theory (DFT) methods (B3LYP20, B3LYP-D320,21, M06-2X,
ωB97XD22) as well as the MP223 and CCSD(T)24 ab initio methods. All optimiza-
tions are computed using analytical gradients. DFT harmonic vibrational frequencies
are computed analytically for each stationary point whereas the CCSD(T) Hessians
are obtained from the finite difference of analytical gradients. To validate the finite
difference procedure, MP2 frequencies are computed both analytically and from the
finite difference of analytical gradients (the two methods never differed by more than
1.0 cm−1. Single point energy computations with the CCSD(T) methods and the
corresponding haQZ basis set are performed on the CCSD(T)/haTZ geometries us-
ing Molpro. All DFT computations are performed with the Gaussian0925 software
package with a dense pruned numerical integration grid composed of 175 radical shells
and 974 angular points per shell for H, O, and F and 250 radial shells with 974 an-
gular points per shell for P corresponding to the superfine keyword in Gaussian09.
MP2 computations are performed using both Gaussian09 and CFOUR, whereas the
CCSD(T) computations are performed with CFOUR.26 All electronic energies are per-
formed with pure angular momentum (5d and 7f) atomic orbital basis functions.
3
3 Results and Discussion
3.1 Structures and Energetics
Figure 1 and Figure 2 depict the mono- and dihydrate configurations of the PF6
−(H2O)n
systems, respectively, along with selected intermolecular bond lengths. Configurations
C2v Edge, Cs Edge, and D2h Edge-Edge have been previously reported.
15,16 The re-
maining unreported configurations included in Figures 1 and 2 originate from a set of
relaxed angular scans performed with one or two water molecules on the faces and/or
edges of the PF6
− octahedron. All low-energy mono- and dihydrate configurations
identified on the M06-2X/haTZ potential energy surface are fully optimized at the
MP2/haTZ, then at the CCSD(T)/haTZ levels of theory. At the CCSD(T) and MP2
levels of theory, several of the initial M06-2X structures collapse to the configurations
shown in Figures 1 and 2. These CCSD(T)/haTZ structures remain in similar geome-
tries when optimized using the same basis set with the B3LYP, B3LYP-D3, M06-2X,
ωB97XD, and MP2 methods.
For most configurations shown in Figure 1 and 2, either Edge and/or Face hy-
drogen bonds are observed. The Edge designation denotes the interaction of a water
molecule with the two fluorine atoms along an edge of the PF6
− octahedron while
the Face designation denotes the interaction between a water molecule and the three
fluorine atoms at the vertices of a face on the PF6
− octahedron. The instances that
involve high symmetry result in equivalent Edge and Face hydrogen bonds. Further-
more, the Face hydrogen bonds are usually shorter than the Edge hydrogen bonds.
The Cs WW-Edge-Face configuration differs from the other structures in that the con-
figuration contains a water-water hydrogen bond (OH· · ·O), and its Edge hydrogen
bonds are shorter than its Face hydrogen bonds. In addition, the Cs WW-Edge-Face
4
configuration as a whole exhibits 1 OH· · ·O interaction and 3 OH· · ·F interactions,
whereas all other structures exhibit either 2 or 4 OH· · ·F interactions and no OH· · ·O
interactions.






Figure 1: Optimized PF6
−(H2O)1 configurations and intermolecular bond lengths at



























Figure 2: Optimized PF6
−(H2O)2 configurations and intermolecular bond lengths at
the CCSD(T)/haTZ level of theory
Table 1 reports the relative energetics (∆E) and the number of imaginary modes
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(ni) assigned to each configuration in Figure 1 and 2, calculated from both DFT and
ab initio methods. For the monohydrate system, CCSD(T) predicts the C2v Edge
configuration to be a minimum, while the Cs Face configuration is predicted to be a
transition state that is +0.33 kcal mol−1 higher in energy. MP2 both qualitatively and
quantitatively agrees with the CCSD(T) results. While the DFT methods all agree
qualitatively that the C2v Edge configuration is the lowest in energy, the predicted
difference in energy between the two configurations ranges from +0.06 kcal mol−1 to
+0.53 kcal mol−1.
Furthermore, despite the qualitative energetic consistency with CCSD(T), the
M06-2X and ωB97XD DFT methods differ from CCSD(T) in their assignment of
imaginary modes. M06-2X assigns the C2v Edge configuration as a transition state
while ωB97XD not only assigns the C2v Edge configuration as a transition state, but
also assigns the higher energy Cs Face configuration as a minimum.
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Table 1: Relative electronic energies (∆E in kcal mol−1) and number of imaginary
modes (ni) of the PF6
−(H2O)n=1,2 configurations at various methods with the haTZ
basis set as well as the CCSD(T)/haQZ energy points using the CCSD(T)/haTZ
geometries.
CCSD(T) MP2 B3LYP B3LYP-D3 ωB97XD M06-2X
Structure haQZ haTZ haTZ haTZ haTZ haTZ haTZ
C2v Edge ∆E +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
ni – 0 0 0 0 1 1
Cs Face ∆E +0.38 +0.33 +0.34 +0.53 +0.47 +0.15 +0.06
ni – 1 1 1 1 0 1
D2h Edge-Edge ∆E +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
ni – 0 0 0 0 3 2
Cs WW-Edge-Face ∆E −2.09 −2.09 −2.11 −1.95 −2.36 −2.48 −2.29
ni – 0 0 0 0 0 0
Cs Edge-Edge ∆E +0.38 +0.30 +0.35 +0.50 +0.37 +0.22 +0.04
ni – 0 0 0 0 0 0
C2 Edge-Edge ∆E +0.08 +0.08 +0.01 +0.01 +0.01 +0.00 −0.18
ni – 0 0 0 0 0 0
Cs Edge-Face ∆E +0.37 +0.31 +0.32 +0.47 +0.41 +0.16 −0.04
ni – 1 1 1 1 1 1
C2v Edge-Edge ∆E +0.30 +0.29 +0.28 +0.27 +0.27 +0.30 +0.36
ni – 1 1 0 1 1 0
Figure 3 depicts the relaxed angular scan used to rationalize the predictions of the
M06-2X and ωB97XD methods. The relaxed angular scan explores the relationship
between C2v Edge, Cs Face, and Cs Edge configurations on various potential energy
surfaces. The Cs Edge configuration is previously reported to be the monohydrate
7
minimum only when the PF6
−(H2O)1 system is optimized using the B3LYP and MP2
methods with a double-ζ basis set and no added diffuse functions.16 The scan, which is
performed with the haTZ basis set, shows that the Cs Edge configuration is predicted
to be the lowest energy minimum only on the M06-2X and ωB97XD potential energy
surfaces and not along the B3LYP, B3LYP-D3, MP2, or CCSD(T) potential energy
surfaces. Because this structure does not exist at higher levels of theory, results for
the Cs Edge configuration have been relegated to the Supporting Information (SI)
along with a handful of other mono- and dihydrate configurations that only appear






























Figure 3: Relaxed Cs scans using the haTZ basis set of an H2O molecule along a face
of PF6
− where the scan angle, θ(OPF), is 90◦ for the C2v Edge configuration and
∼65◦ for the Cs Edge configuration.
For the dihydrate system, CCSD(T) predicts four minimum configurations (D2h
Edge-Edge, Cs WW-Edge-Face, Cs Edge-Edge, and C2 Edge-Edge) and two transition
state configurations (Cs Edge-Face and C2v Edge-Edge). The ni for Cs WW-Edge-
Face,Cs Edge-Edge, C2 Edge-Edge, and Cs Edge-Face are based on the CCSD(T)/heavy-
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aug-cc-pVDZ computations. The CCSD(T)/haTZ frequency computations are cur-
rently in progress. Almost isoenergetic to the D2h Edge-Edge configuration, the lit-
erature minimum, is the C2 Edge-Edge configuration which is only about +0.08 kcal
mol−1 higher in energy. The two transition state configurations, Cs Edge-Face and C2v
Edge-Edge as well as the minimum Cs Edge-Edge configuration are all around +0.3
kcal mol−1 higher in energy than the D2h Edge-Edge configuration. The CCSD(T)
relative energetics presented in the current study predict the Cs WW-Edge-Face struc-
ture to be lower in energy than the previously reported lowest energy configuration,
D2h Edge-Edge, by 2 kcal mol
−1. The energy difference may stem from the stabilizing
power of the OH· · ·O interaction present only in the Cs WW-Edge-Face configuration.
Most of the MP2 and DFT methods agree with the relative energetics of the
configurations predicted by CCSD(T). However, though M06-2X predicts the Cs WW-
Edge-Face configuration to be the lowest energy configuration by around 2 kcal mol−1,
the method disagrees with CCSD(T) on the relative energies of the higher energy
configurations.
Several DFT methods disagree with the characterization of the configurations on
the CCSD(T) potential energy surfaces. ωB97XD predicts the D2h Edge-Edge config-
uration to be a higher order stationary point with three imaginary modes. In addition
to predicting the D2h Edge-Edge configuration to be a higher order stationary point
with two imaginary modes, M06-2X also predicts the C2v Edge-Edge configuration
to be a minimum, rather than a transition state. Finally, B3LYP assigns the C2v
Edge-Edge configuration to be a minimum rather than a transition state.
Table 2 reports the dissociation energies (De) for the minimum configurations of
both the mono- and dihydrate systems. The monohydrate configuration, C2v Edge is
fairly well bound, with a dissociation energy of 10.67 kcal mol−1. DFT and MP2 are
consistent with CCSD(T) in that they also predict a De of around 10 kcal mol
−1 for
the monohydrate system. For the dihydrate system, the Cs WW-Edge-Face configu-
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ration has the highest dissociation energy around 22 kcal mol−1 while the other three
minimum configurations, D2h Edge-Edge, Cs Edge-Edge, and C2 Edge-Edge all have
dissociation energies around 20 kcal mol−1. While both DFT and MP2 qualitatively
agree with the CCSD(T) prediction, B3LYP quantitatively underestimates the De by
around 3 kcal mol−1.
Table 2: Dissociation energies (De in kcal mol
−1) of the PF6−(H2O)n=1,2 configura-
tions at various methods with the haTZ basis set as well as the CCSD(T)/haQZ
energy points using the CCSD(T)/haTZ geometries indicated in parentheses.
CCSD(T) MP2 B3LYP B3LYP-D3 ωB97XD M06-2X
Structure haQZ haTZ haTZ haTZ haTZ haTZ haTZ
C2v Edge 10.55 10.67 10.44 9.16 10.68 10.22 11.00
D2h Edge-Edge 20.17 20.43 19.96 17.43 20.41 19.53 21.00
Cs WW-Edge-Face 22.26 22.52 22.07 19.38 22.78 22.02 23.29
Cs Edge-Edge 19.80 20.10 19.61 16.92 20.04 19.31 20.96
C2 Edge-Edge 20.09 20.35 19.95 17.41 20.40 19.53 21.18
In order to asses the effects of the inconsistencies produced by the basis set super
position error (BSSE)27,28, the Boys-Bernardi counterpoise correction procedure29,30
is applied to the lowest energy minimum of each system. Table 3 reports both the
uncorrected and counterpoise corrected dissociation energies for the lowest energy
monohydrate minimum, C2v Edge, and the lowest energy dihydrate minimum, Cs
WW-Edge-Face. The gap between the corrected and uncorrected dissociation ener-
gies is 0.6 kcal mol−1 for the C2v Edge configuration according to CCSD(T)/haTZ.
This gap between the uncorrected and corrected De shrinks as expected when com-
puted using the CCSD(T)/haQZ energy point, which predicts the gap to be 0.27
kcal mol−1. While MP2 agrees with both CCSD(T) results, DFT underestimates
the BSSE and predicts the gap between the uncorrected and corrected dissociation
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energies to be around 0.2 kcal mol−1. The BSSE increases when computed for the
dihydrate system. CCSD(T)/haTZ and the CCSD(T)/haQZ energy points predict
a BSSE of 1.4 kcal mol−1 and 0.59 kcal mol−1 respectively. While MP2 is consis-
tent with these predictions, DFT again underestimates the BSSE, predicting it to be
around 0.4 kcal mol−1.
Table 3: Uncorrected (De in kcal mol
−1) and counterpoise corrected (Dcpe in kcal
mol−1) dissociation energies for the lowest energy monohydrate structure C2v Edge,
and the lowest energy dihydrate configuration, Cs WW-Edge-Face, at various meth-
ods with the haTZ basis set as well as the CCSD(T)/haQZ energy points using the
CCSD(T)/haTZ geometries.






CCSD(T)/haQZ 10.55 10.28 22.26 21.67
CCSD(T)/haTZ 10.67 10.06 22.52 21.12
MP2/haTZ 10.44 9.85 22.07 20.71
B3LYP/haTZ 9.16 8.95 19.38 18.99
B3LYP-D3/haTZ 10.68 10.49 22.78 22.37
ωB97XD/haTZ 10.22 10.03 22.02 21.61
M06-2X/haTZ 11.00 10.83 23.29 22.89
3.2 Vibrational Frequencies
Table 4 reports the frequency shifts (∆ω in cm−1) of the mono- and dihydrate config-
urations’ symmetric and asymmetric water stretches relative to the reported isolated
water monomer’s symmetric (a1) and asymmetric (b2) frequencies. The CCSD(T)
frequency calculations for the Cs WW-Edge-Face, Cs Edge-Edge, and C2 Edge-Edge
are currently in progress. For the C2v Edge configuration, when the complexed wa-
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ter is stretching symmetrically, the shift is taken relative to the symmetric stretch
frequency of an isolated water monomer and is found to be −17 cm−1. The analo-
gous method is used to calculate the shift of the asymmetric stretch in the C2v Edge
configuration which is found to be −72 cm−1.
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Table 4: Harmonic vibrational frequencies for the symmetric (a1) and asymmetric
(b2) stretches of an isolated water molecule (ω in cm
−1) and the Frequency shifts
(∆ω in cm−1) of the complexed water relative to the former, all computed using the
haTZ basis set.
Structure H2O Ref. CCSD(T) MP2 B3LYP B3LYP-D3 ωB97XD M06-2X
H2O
ω(a1) – 3814 3825 3801 3801 3882 3872
ω(b2) – 3924 3952 3904 3904 3989 3976
C2v Edge
∆ω(a1) a1 −17 −27 −27 −27 −32 −28
∆ω(b2) b2 −72 −86 −83 −87 −90 −87
D2h Edge-Edge
∆ω(b3u) a1 −13 −22 −22 −22 −26 −24
∆ω(ag) a1 −12 −22 −21 −21 −26 −23
∆ω(b1g) b2 −63 −76 −73 −76 −80 −77
∆ω(b2u) b2 −62 −75 −72 −75 −79 −76
Cs WW-Edge-Face
∆ω(a') a1 −118 −140 −138 −219 −94
∆ω(a') a1 −48 −47 −47 −128 −49
∆ω(a') b2 −118 −106 −114 −199 −117
∆ω(a'') b2 −110 −105 −109 −195 −107
Cs Edge-Edge
∆ω(a'') a1 −26 −37 −24 −32 −25
∆ω(a') a1 −24 −35 −23 −31 −24
∆ω(a'') b2 −72 −61 −71 −72 −75
∆ω(a') b2 −69 −58 −67 −69 −72
C2 Edge-Edge
∆ω(b) a1 −23 −22 −22 −27 −25
∆ω(a) a1 −22 −22 −21 −26 −24
∆ω(a) b2 −76 −72 −75 −79 −76
∆ω(b) b2 −75 −71 −75 −78 −75
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For the dihydrate D2h Edge-Edge, Cs Edge-Edge, and C2 Edge-Edge configura-
tions, highly coupled vibrational modes between the two water molecules are observed.
For any given water stretch, both water molecules are stretching either symmetrically
or asymmetrically with respect to the individual water molecule, regardless of the
overall symmetry of the configuration. The shift for the water’s symmetric stretch for
these dihydrate systems is found to be 20-30 cm−1, while the shift for the asymmetric
stretch is found to be 70-80 cm−1.
However, the presence of the water-water hydrogen bond within the Cs WW-
Edge-Face configuration affects the overall frequency shifts. This can be seen in the
dramatic difference between the two symmetric shifts, where a −118 cm−1 shift is
observed when the hydrogen bond donor O-H stretch has a larger amplitude than
the acceptor water molecule’s symmetric stretching. When both water molecules
have similar stretching amplitudes, a frequency shift of −48 cm−1 is observed. The
asymmetric stretches are not as highly coupled as the symmetric stretches resulting
in separate asymmetric stretching shifts for the hydrogen bond donor (−118 cm−1)
and the acceptor (−110 cm−1). The MP2 shifts are reported here and will be updated
when the CCSD(T) computations finish.
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4 Conclusions
Low energy configurations of the PF6
−(H2O)n=1,2 system are identified via a set of
relaxed angular scans across the edges and faces of the PF6
− octahedron. Two low
lying stationary points are found for the PF6
−(H2O)1 system by the DFT meth-
ods; however, only configuration C2v Edge is found with the MP2 and CCSD(T)
ab initio methods. Additionally, the identification of C2v Edge as the minimum for
the PF6
−(H2O)1 system is in agreement with the previous literature.15,16 For the
PF6
−(H2O)2 system, four minima and two transition states are identified, with the
lowest energy minimum being approximately 2 kcal mol−1 lower than any other struc-
ture identified in the current study or in previous literature. Though the previously
reported D2h Edge-Edge configuration is identified, the lower energy Cs WW-Edge-
Face configuration found agrees with what is already known about the hydration of
PF6
− with only 2 H2Omolecules: the water· · ·water interactions are already compet-
itive the OH· · ·F interactions in the system.14 In conclusion, MP2 consistently agrees
with the CCSD(T) benchmarks for energetics. The M06-2X and ωB97XD methods
disagree with the CCSD(T) characterization of structures as minima or transition
states. An in-depth frequency analysis that will be conducted once the CCSD(T)
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Table A11: Catersian coordinates in Angstroms (A˚) for the C2v Edge complex with
the M06-2X method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.476843
F −1.613038 0.000000 0.460782
F 0.000000 1.147410 1.608850
F 0.000000 1.147435 −0.683060
F 1.613038 0.000000 0.460782
F 0.000000 −1.147435 −0.683060
F 0.000000 −1.147410 1.608850
O 0.000000 0.000000 −3.334276
H 0.000000 −0.739723 −2.716684
H 0.000000 0.739723 −2.716684
Table A12: Catersian coordinates in Angstroms (A˚) for the C2v Edge complex with
the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.484028
F −1.620405 0.000000 0.467697
F 0.000000 1.152388 1.621725
F 0.000000 1.154580 −0.679946
F 1.620405 0.000000 0.467697
F 0.000000 −1.154580 −0.679946
F 0.000000 −1.152388 1.621725
O 0.000000 0.000000 −3.374727
H 0.000000 −0.737632 −2.757713
H 0.000000 0.737632 −2.757713
32
Table A13: Catersian coordinates in Angstroms (A˚) for the C2v Edge complex with
the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.481383
F −1.628444 0.000000 0.464898
F 0.000000 1.158106 1.624780
F 0.000000 1.160537 −0.688597
F 1.628444 0.000000 0.464898
F 0.000000 −1.160537 −0.688597
F 0.000000 −1.158106 1.624780
O 0.000000 0.000000 −3.370215
H 0.000000 −0.740545 −2.750252
H 0.000000 0.740545 −2.750252
Table A14: Catersian coordinates in Angstroms (A˚) for the C2v Edge complex with
the B3LYP method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.503348
F −1.629059 0.000000 0.488290
F 0.000000 1.158579 1.646913
F 0.000000 1.159525 −0.667880
F 1.629059 0.000000 0.488290
F 0.000000 −1.159525 −0.667880
F 0.000000 −1.158579 1.646913
O 0.000000 0.000000 −3.397541
H 0.000000 −0.741664 −2.779061
H 0.000000 0.741664 −2.779061
33
Table A15: Catersian coordinates in Angstroms (A˚) for the C2v Edge complex with
the MP2 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.482223
F −1.620192 0.000000 0.466411
F 0.000000 1.151968 1.619761
F 0.000000 1.152906 −0.681701
F 1.620192 0.000000 0.466411
F 0.000000 −1.152906 −0.681701
F 0.000000 −1.151968 1.619761
O 0.000000 0.000000 −3.376333
H 0.000000 −0.735684 −2.751004
H 0.000000 0.735684 −2.751004
Table A16: Catersian coordinates in Angstroms (A˚) for the C2v Edge complex with
the CCSD(T) method using the haTZ basis set.
Atom x y z
O 0.000000 0.000000 0.000000
P 0.000000 0.000000 3.845824
F 1.151020 0.000000 2.684119
F −1.151020 0.000000 2.684119
F −1.150022 0.000000 4.981671
F 1.150022 0.000000 4.981671
F 0.000000 −1.617630 3.830200
F 0.000000 1.617630 3.830200
H 0.736611 0.000000 0.623897
H −0.736611 0.000000 0.623897
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Table A17: Catersian coordinates in Angstroms (A˚) for the Cs Edge complex with
the M06-2X method using the haTZ basis set.
Atom x y z
P −0.007548 −0.007644 0.049526
F 0.080974 0.082007 1.659809
F 1.601150 −0.010552 −0.050631
F −0.030847 1.600888 −0.050631
F −0.120759 −0.122300 −1.554678
F −1.634877 −0.023481 0.156860
F −0.002756 −1.635043 0.156860
O −2.264969 −2.293864 1.865146
H −2.434565 −1.411439 1.517006
H −1.380465 −2.452261 1.517006
Table A18: Catersian coordinates in Angstroms (A˚) for the Cs Edge complex with
the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.027984 0.028341 0.071743
F 0.230085 0.233020 1.667279
F 1.633180 0.014088 −0.141655
F −0.006615 1.633228 −0.141655
F −0.197208 −0.199724 −1.516316
F −1.596542 0.025470 0.291482
F 0.045706 −1.596091 0.291482
O −2.358696 −2.388786 1.791120
H −2.511468 −1.493044 1.476398
H −1.461089 −2.530192 1.476398
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Table A19: Catersian coordinates in Angstroms (A˚) for the Cs Face complex with
the M06-2X method using the haTZ basis set.
Atom x y z
P 0.000000 0.096907 −0.367156
F 0.000000 1.646348 −0.812486
F −1.138874 0.407917 0.744682
F −1.144545 −0.232493 −1.453339
F 0.000000 −1.468923 0.097423
F 1.144545 −0.232493 −1.453339
F 1.138874 0.407917 0.744682
O 0.000000 −1.298131 3.007760
H 0.000000 −0.362739 2.780841
H 0.000000 −1.695107 2.128560
Table A20: Catersian coordinates in Angstroms (A˚) for the Cs Face complex with
the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.000000 −0.044688 −0.463964
F 0.000000 1.584469 −0.246131
F −1.145656 −0.181320 0.685291
F −1.149557 0.116314 −1.594743
F 0.000000 −1.651410 −0.668635
F 1.149557 0.116314 −1.594743
F 1.145656 −0.181320 0.685291
O 0.000000 2.099427 2.633509
H 0.000000 2.204936 1.675464
H 0.000000 1.143435 2.711143
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Table A21: Catersian coordinates in Angstroms (A˚) for the Cs Face complex with
the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P 0.000000 −0.048456 −0.467798
F 0.000000 1.586548 −0.221144
F −1.150571 −0.204731 0.683857
F −1.154551 0.133523 −1.600694
F 0.000000 −1.659327 −0.701728
F 1.154551 0.133523 −1.600694
F 1.150571 −0.204731 0.683857
O 0.000000 2.119331 2.631281
H 0.000000 2.186581 1.665148
H 0.000000 1.163806 2.750310
Table A22: Catersian coordinates in Angstroms (A˚) for the Cs Face complex with
the B3LYP method using the haTZ basis set.
Atom x y z
P 0.000000 −0.080385 −0.493540
F 0.000000 1.544304 −0.178670
F −1.151306 −0.283553 0.649517
F −1.154272 0.149359 −1.618861
F 0.000000 −1.680347 −0.794949
F 1.154272 0.149359 −1.618861
F 1.151306 −0.283553 0.649517
O 0.000000 2.221115 2.654898
H 0.000000 2.182509 1.686278
H 0.000000 1.287259 2.887068
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Table A23: Catersian coordinates in Angstroms (A˚) for the Cs Face complex with
the MP2 method using the haTZ basis set.
Atom x y z
P 0.000000 −0.041453 −0.466272
F 0.000000 1.585313 −0.238911
F −1.144567 −0.183816 0.681520
F −1.148632 0.125573 −1.595336
F 0.000000 −1.646499 −0.679838
F 1.148632 0.125573 −1.595336
F 1.144567 −0.183816 0.681520
O 0.000000 2.103157 2.634618
H 0.000000 2.177088 1.669573
H 0.000000 1.144947 2.730860
Table A24: Catersian coordinates in Angstroms (A˚) for the Cs Face complex with
the CCSD(T) method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
F 0.000000 0.000000 1.639031
H 1.824485 0.000000 2.479091
O 2.791441 0.000000 2.494819
H 2.977192 0.000000 1.549516
X −0.999994 0.000000 −0.003327
F 0.010757 0.000000 −1.616619
F −1.139347 −1.146939 0.008597
F −1.139347 1.146939 0.008597
F 1.154986 −1.142632 0.017368
F 1.154986 1.142632 0.017368
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Table A25: Catersian coordinates in Angstroms (A˚) for the Cs WW-Edge-Face com-
plex with the M06-2X method using the haTZ basis set.
Atom x y z
P 0.754088 −0.119731 0.000000
F 1.723736 −0.690854 1.145991
F −0.258742 0.454342 1.144745
F −0.079071 −1.514197 0.000000
F −0.258742 0.454342 −1.144745
F 1.723736 −0.690854 −1.145991
F 1.539648 1.284377 0.000000
O −2.551925 1.674329 0.000000
H −1.966612 1.484078 −0.743320
H −1.966612 1.484078 0.743320
O −3.049383 −1.254397 0.000000
H −3.097885 −0.289662 0.000000
H −2.101128 −1.432144 0.000000
Table A26: Catersian coordinates in Angstroms (A˚) for the Cs WW-Edge-Face com-
plex with the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.809839 −0.067170 0.000000
F 1.723079 −0.734368 1.150922
F −0.144086 0.606133 1.152265
F −0.158496 −1.381787 0.000000
F −0.144086 0.606133 −1.152265
F 1.723079 −0.734368 −1.150922
F 1.734205 1.258048 0.000000
O −2.587064 1.576616 0.000000
H −1.989740 1.425162 −0.740193
H −1.989740 1.425162 0.740193
O −3.160837 −1.306047 0.000000
H −3.189024 −0.340397 0.000000
H −2.215925 −1.489407 0.000000
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Table A27: Catersian coordinates in Angstroms (A˚) for the Cs WW-Edge-Face com-
plex with the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P 0.822090 −0.044881 0.000000
F 1.714092 −0.749343 1.156716
F −0.110231 0.668247 1.158019
F −0.199748 −1.328549 0.000000
F −0.110231 0.668247 −1.158019
F 1.714092 −0.749343 −1.156716
F 1.800914 1.250743 0.000000
O −2.586408 1.539942 0.000000
H −1.981901 1.407647 −0.743254
H −1.981901 1.407647 0.743254
O −3.202704 −1.331382 0.000000
H −3.208597 −0.360495 0.000000
H −2.258264 −1.534758 0.000000
Table A28: Catersian coordinates in Angstroms (A˚) for the Cs WW-Edge-Face com-
plex with the B3LYP method using the haTZ basis set.
Atom x y z
P 0.857569 −0.024137 0.000000
F 1.727654 −0.756315 1.157231
F −0.052630 0.719188 1.157343
F −0.204206 −1.275234 0.000000
F −0.052630 0.719188 −1.157343
F 1.727654 −0.756315 −1.157231
F 1.878156 1.239697 0.000000
O −2.600700 1.514073 0.000000
H −1.993677 1.400366 −0.744220
H −1.993677 1.400366 0.744220
O −3.280418 −1.359882 0.000000
H −3.259710 −0.388922 0.000000
H −2.342194 −1.588347 0.000000
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Table A29: Catersian coordinates in Angstroms (A˚) for the Cs WW-Edge-Face com-
plex with the MP2 method using the haTZ basis set.
Atom x y z
P 0.825891 −0.038511 0.000000
F 1.705373 −0.750033 1.150696
F −0.093293 0.681567 1.150680
F −0.205829 −1.302942 0.000000
F −0.093293 0.681567 −1.150680
F 1.705373 −0.750033 −1.150696
F 1.815560 1.238488 0.000000
O −2.590010 1.533284 0.000000
H −1.978662 1.406791 −0.738529
H −1.978662 1.406791 0.738529
O −3.216332 −1.346035 0.000000
H −3.214670 −0.376169 0.000000
H −2.270243 −1.541046 0.000000
Table A30: Catersian coordinates in Angstroms (A˚) for the Cs WW-Edge-Face com-
plex with the CCSD(T) method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
F 0.000000 0.000000 1.629353
H 1.461767 0.000000 3.080863
O 2.317931 0.000000 3.528019
H 2.932291 0.000000 2.778807
O 3.647917 0.000000 0.892729
X −0.999924 0.000000 −0.012361
F 0.039876 0.000000 −1.612630
F 1.165096 −1.148763 0.022938
F 1.165096 1.148763 0.022938
F −1.129691 −1.148780 −0.004492
F −1.129691 1.148780 −0.004492
H 3.090624 −0.739480 0.614895
H 3.090624 0.739480 0.614895
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Table A31: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Edge complex
with the M06-2X method using the haTZ basis set.
Atom x y z
P 0.139736 0.000000 −0.149739
F −0.038730 0.000000 1.445800
F 0.340125 0.000000 −1.777554
F 1.287457 1.142657 −0.032304
F 1.287457 −1.142657 −0.032304
F −0.979621 −1.145746 −0.304380
F −0.979621 1.145746 −0.304380
O 0.889996 2.841802 −2.384203
O 0.889996 −2.841802 −2.384203
H 0.481160 −2.000787 −2.613133
H 0.481160 2.000787 −2.613133
H 1.133343 −2.683025 −1.465701
H 1.133343 2.683025 −1.465701
Table A32: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Edge complex
with the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.061263 0.000000 −0.073331
F −0.007521 0.000000 1.538362
F 0.155366 0.000000 −1.716520
F 1.222866 1.147615 −0.029578
F 1.222866 −1.147615 −0.029578
F −1.070166 −1.150467 −0.150192
F −1.070166 1.150467 −0.150192
O 1.015670 2.802691 −2.465502
O 1.015670 −2.802691 −2.465502
H 0.522097 −2.018440 −2.716199
H 0.522097 2.018440 −2.716199
H 1.237880 −2.593242 −1.553252
H 1.237880 2.593242 −1.553252
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Table A33: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Edge complex
with the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P −0.001353 0.000000 −0.012579
F 0.011108 0.000000 1.608415
F 0.011316 0.000000 −1.669095
F 1.167043 1.153054 −0.027294
F 1.167043 −1.153054 −0.027294
F −1.140425 −1.155347 −0.033398
F −1.140425 1.155347 −0.033398
O 1.102950 2.638322 −2.560840
O 1.102950 −2.638322 −2.560840
H 0.573501 −1.855037 −2.750722
H 0.573501 1.855037 −2.750722
H 1.319297 −2.488220 −1.631585
H 1.319297 2.488220 −1.631585
Table A34: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Edge complex
with the B3LYP method using the haTZ basis set.
Atom x y z
P −0.047926 0.000000 0.035193
F 0.039936 0.000000 1.654616
F −0.105671 0.000000 −1.615889
F 1.120514 1.154895 −0.029979
F 1.120514 −1.154895 −0.029979
F −1.187344 −1.155697 0.069138
F −1.187344 1.155697 0.069138
O 1.195337 2.632186 −2.590515
O 1.195337 −2.632186 −2.590515
H 0.605770 −1.919754 −2.860676
H 0.605770 1.919754 −2.860676
H 1.355454 −2.401395 −1.665396
H 1.355454 2.401395 −1.665396
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Table A35: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Edge complex
with the MP2 method using the haTZ basis set.
Atom x y z
P 0.026117 0.000000 −0.037107
F 0.002246 0.000000 1.575585
F 0.075214 0.000000 −1.682111
F 1.187625 1.147261 −0.026396
F 1.187625 −1.147261 −0.026396
F −1.106931 −1.149915 −0.082404
F −1.106931 1.149915 −0.082404
O 1.067237 2.710379 −2.522382
O 1.067237 −2.710379 −2.522382
H 0.551831 −1.924635 −2.737552
H 0.551831 1.924635 −2.737552
H 1.281349 −2.520748 −1.599917
H 1.281349 2.520748 −1.599917
Table A36: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Edge complex
with the CCSD(T) method using the haTZ basis set.
Atom x y z
X 0.000000 0.000000 0.000000
F 0.000000 0.000000 1.000000
P 1.643701 0.000000 1.000000
X 1.657695 0.000000 1.999902
F 3.253921 0.000000 0.977465
F 1.620075 1.145243 −0.158733
F 1.620075 −1.145243 −0.158733
F 1.631141 1.148064 2.132360
F 1.631141 −1.148064 2.132360
H 0.059973 2.549567 −0.160933
H 0.059973 −2.549567 −0.160933
O −0.853117 2.718096 0.103114
O −0.853117 −2.718096 0.103114
H −1.033392 1.915805 0.606579
H −1.033392 −1.915805 0.606579
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Table A37: Catersian coordinates in Angstroms (A˚) for the C2 Edge-Edge complex
with the M06-2X method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 −0.110084
F −0.832222 0.787073 1.019315
F 1.119032 1.175481 −0.119733
F −0.826240 0.788959 −1.263712
F 0.826240 −0.788959 −1.263712
F −1.119032 −1.175481 −0.119733
F 0.832222 −0.787073 1.019315
O 3.640857 −0.184849 −0.724557
H 2.938112 −0.762859 −1.040366
H 3.127515 0.510154 −0.298991
O −3.640857 0.184849 −0.724557
H −2.938112 0.762859 −1.040366
H −3.127515 −0.510154 −0.298991
Table A38: Catersian coordinates in Angstroms (A˚) for the C2 Edge-Edge complex
with the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.087084
F −1.140663 −0.143313 1.221178
F −0.201951 1.618589 0.076431
F −1.138603 −0.137610 −1.073594
F 1.138603 0.137610 −1.073594
F 0.201951 −1.618589 0.076431
F 1.140663 0.143313 1.221178
O 2.277663 2.878145 −0.956107
H 2.323990 1.949414 −1.198779
H 1.456344 2.891473 −0.457046
O −2.277663 −2.878145 −0.956107
H −2.323990 −1.949414 −1.198779
H −1.456344 −2.891473 −0.457046
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Table A39: Catersian coordinates in Angstroms (A˚) for the C2 Edge-Edge complex
with the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.378119
F −0.683787 0.930250 1.517400
F 1.320695 0.971979 0.366991
F −0.678360 0.931482 −0.789326
F 0.678360 −0.931482 −0.789326
F −1.320695 −0.971979 0.366991
F 0.683787 −0.930250 1.517400
O 3.409915 −0.034126 −1.440600
H 2.666094 −0.640489 −1.542786
H 3.051842 0.576260 −0.783917
O −3.409915 0.034126 −1.440600
H −2.666094 0.640489 −1.542786
H −3.051842 −0.576260 −0.783917
Table A40: Catersian coordinates in Angstroms (A˚) for the C2 Edge-Edge complex
with the B3LYP method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.420600
F −0.666665 0.942231 1.561242
F 1.338148 0.949077 0.408599
F −0.665103 0.942122 −0.746171
F 0.665103 −0.942122 −0.746171
F −1.338148 −0.949077 0.408599
F 0.666665 −0.942231 1.561242
O 3.419906 −0.015233 −1.496314
H 2.686832 −0.634113 −1.598895
H 3.063548 0.576799 −0.821941
O −3.419906 0.015233 −1.496314
H −2.686832 0.634113 −1.598895
H −3.063548 −0.576799 −0.821941
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Table A41: Catersian coordinates in Angstroms (A˚) for the C2 Edge-Edge complex
with the MP2 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.387313
F −0.676603 0.928108 1.521361
F 1.317574 0.961069 0.375794
F −0.672559 0.928260 −0.773316
F 0.672559 −0.928260 −0.773316
F −1.317574 −0.961069 0.375794
F 0.676603 −0.928108 1.521361
O 3.407585 −0.027783 −1.453469
H 2.666708 −0.637364 −1.554850
H 3.037076 0.570075 −0.792356
O −3.407585 0.027783 −1.453469
H −2.666708 0.637364 −1.554850
H −3.037076 −0.570075 −0.792356
Table A42: Catersian coordinates in Angstroms (A˚) for the C2 Edge-Edge complex
with the CCSD(T) method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
X 0.000000 0.000000 1.000000
F 1.628681 0.000000 0.000000
F −1.628681 0.000000 0.000000
F 0.000000 1.149175 1.149175
F 0.000000 −1.149175 1.149175
F 0.000000 1.141502 −1.141502
F 0.000000 −1.141502 −1.141502
O −2.747692 −1.917281 1.917281
O 2.747692 1.917281 1.917281
H −2.769968 −1.234858 1.234858
H 2.769968 1.234858 1.234858
H 1.794282 2.019560 2.019560
H −1.794282 −2.019560 2.019560
47
Table A43: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Face complex
with the M06-2X method using the haTZ basis set.
Atom x y z
P 0.764699 0.114441 0.000000
F 0.065665 1.582145 0.000000
F −0.278936 −0.367091 1.146053
F 1.794031 0.610164 1.140911
F 1.438373 −1.346719 0.000000
F 1.794031 0.610164 −1.140911
F −0.278936 −0.367091 −1.146053
O −1.630285 −2.699695 0.000000
H −1.275956 −2.199080 −0.742636
H −1.275956 −2.199080 0.742636
O 2.365819 3.404634 0.000000
H 1.444131 3.121998 0.000000
H 2.819665 2.556230 0.000000
Table A44: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Face complex
with the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.881042 0.030185 0.000000
F 0.132826 1.485127 0.000000
F −0.154705 −0.481268 1.151949
F 1.896806 0.558288 1.147240
F 1.600432 −1.415888 0.000000
F 1.896806 0.558288 −1.147240
F −0.154705 −0.481268 −1.151949
O −1.862427 −2.618923 0.000000
H −1.454406 −2.161047 −0.739982
H −1.454406 −2.161047 0.739982
O 2.217780 3.568051 0.000000
H 1.370618 3.109793 0.000000
H 2.830690 2.830646 0.000000
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Table A45: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Face complex
with the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P 1.033676 −0.072751 0.000000
F 0.149667 1.314916 0.000000
F 0.043741 −0.679006 1.158321
F 2.000502 0.549985 1.152819
F 1.887064 −1.452423 0.000000
F 2.000502 0.549985 −1.152819
F 0.043741 −0.679006 −1.158321
O −2.086897 −2.347679 0.000000
H −1.597869 −1.971605 −0.742398
H −1.597869 −1.971605 0.742398
O 1.984036 3.599963 0.000000
H 1.197556 3.036584 0.000000
H 2.688491 2.943665 0.000000
Table A46: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Face complex
with the B3LYP method using the haTZ basis set.
Atom x y z
P 1.095728 −0.139743 0.000000
F 0.226601 1.259567 0.000000
F 0.097335 −0.736088 1.156908
F 2.067551 0.472702 1.153857
F 1.935604 −1.528385 0.000000
F 2.067551 0.472702 −1.153857
F 0.097335 −0.736088 −1.156908
O −2.189607 −2.277282 0.000000
H −1.678502 −1.934227 −0.743445
H −1.678502 −1.934227 0.743445
O 1.864635 3.704029 0.000000
H 1.173807 3.025395 0.000000
H 2.666795 3.172685 0.000000
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Table A47: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Face complex
with the MP2 method using the haTZ basis set.
Atom x y z
P 1.020470 −0.058714 0.000000
F 0.138835 1.318931 0.000000
F 0.037777 −0.665522 1.151251
F 1.981083 0.563940 1.146833
F 1.874534 −1.428631 0.000000
F 1.981083 0.563940 −1.146833
F 0.037777 −0.665522 −1.151251
O −2.078037 −2.374270 0.000000
H −1.590201 −1.987810 −0.737538
H −1.590201 −1.987810 0.737538
O 2.011570 3.590993 0.000000
H 1.221429 3.033451 0.000000
H 2.700223 2.918041 0.000000
Table A48: Catersian coordinates in Angstroms (A˚) for the Cs Edge-Face complex
with the CCSD(T) method using the haTZ basis set.
Atom x y z
H 0.000000 0.000000 0.000000
O 0.000000 0.000000 0.963200
H 0.950125 0.000000 1.139744
F 2.925157 0.000000 0.644237
P 3.224284 0.000000 −0.960362
O 7.061017 0.000000 −0.648114
F 3.538237 0.000000 −2.541455
F 2.099059 −1.144867 −1.163781
F 2.099059 1.144867 −1.163781
F 4.354059 −1.149579 −0.731459
F 4.354059 1.149579 −0.731459
H 6.440595 −0.738443 −0.675622
H 6.440595 0.738443 −0.675622
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Table A49: Catersian coordinates in Angstroms (A˚) for the D2h Edge-Edge complex
with the M06-2X method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
F 0.000000 1.149254 1.146829
F 1.607913 0.000000 0.000000
F 0.000000 1.149254 −1.146829
F 0.000000 −1.149254 −1.146829
F −1.607913 0.000000 0.000000
F 0.000000 −1.149254 1.146829
O 0.000000 0.000000 −3.818283
H 0.000000 0.741726 −3.203900
H 0.000000 −0.741726 −3.203900
O 0.000000 0.000000 3.818283
H 0.000000 0.741726 3.203900
H 0.000000 −0.741726 3.203900
Table A50: Catersian coordinates in Angstroms (A˚) for the D2h Edge-Edge complex
with the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
F 0.000000 1.156260 1.151535
F 1.615169 0.000000 0.000000
F 0.000000 1.156260 −1.151535
F 0.000000 −1.156260 −1.151535
F −1.615169 0.000000 0.000000
F 0.000000 −1.156260 1.151535
O 0.000000 0.000000 −3.873052
H 0.000000 0.739476 −3.259137
H 0.000000 −0.739476 −3.259137
O 0.000000 0.000000 3.873052
H 0.000000 0.739476 3.259137
H 0.000000 −0.739476 3.259137
51
Table A51: Catersian coordinates in Angstroms (A˚) for the D2h Edge-Edge complex
with the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
F 0.000000 1.161684 1.157038
F 1.622981 0.000000 0.000000
F 0.000000 1.161684 −1.157038
F 0.000000 −1.161684 −1.157038
F −1.622981 0.000000 0.000000
F 0.000000 −1.161684 1.157038
O 0.000000 0.000000 −3.861928
H 0.000000 0.742446 −3.245082
H 0.000000 −0.742446 −3.245082
O 0.000000 0.000000 3.861928
H 0.000000 0.742446 3.245082
H 0.000000 −0.742446 3.245082
Table A52: Catersian coordinates in Angstroms (A˚) for the D2h Edge-Edge complex
with the B3LYP method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
F 0.000000 1.160985 1.158264
F 1.623887 0.000000 0.000000
F 0.000000 1.160985 −1.158264
F 0.000000 −1.160985 −1.158264
F −1.623887 0.000000 0.000000
F 0.000000 −1.160985 1.158264
O 0.000000 0.000000 −3.915106
H 0.000000 0.743530 −3.299656
H 0.000000 −0.743530 −3.299656
O 0.000000 0.000000 3.915106
H 0.000000 0.743530 3.299656
H 0.000000 −0.743530 3.299656
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Table A53: Catersian coordinates in Angstroms (A˚) for the D2h Edge-Edge complex
with the MP2 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
F 0.000000 1.154377 1.151412
F 1.615267 0.000000 0.000000
F 0.000000 1.154377 −1.151412
F 0.000000 −1.154377 −1.151412
F −1.615267 0.000000 0.000000
F 0.000000 −1.154377 1.151412
O 0.000000 0.000000 −3.869531
H 0.000000 0.737568 −3.247217
H 0.000000 −0.737568 −3.247217
O 0.000000 0.000000 3.869531
H 0.000000 0.737568 3.247217
H 0.000000 −0.737568 3.247217
Table A54: Catersian coordinates in Angstroms (A˚) for the D2h Edge-Edge complex
with the CCSD(T) method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
X 0.000000 0.000000 1.000000
X 1.000000 0.000000 0.000000
O −3.855551 0.000000 0.000000
O 3.855551 0.000000 0.000000
F 0.000000 0.000000 −1.612793
F 0.000000 0.000000 1.612793
F 1.149434 −1.152500 0.000000
F 1.149434 1.152500 0.000000
F −1.149434 −1.152500 0.000000
F −1.149434 1.152500 0.000000
H 3.234545 −0.738448 0.000000
H 3.234545 0.738448 0.000000
H −3.234545 0.738448 0.000000
H −3.234545 −0.738448 0.000000
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Table A55: Catersian coordinates in Angstroms (A˚) for the C2v Edge-Edge complex
with the M06-2X method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.591561
F 0.000000 0.000000 2.197274
F 1.607797 0.000000 0.570472
F 0.000000 1.623970 0.575041
F 0.000000 0.000000 −1.050537
F −1.607797 0.000000 0.570472
F 0.000000 −1.623970 0.575041
O 0.000000 2.746931 −2.090613
H 0.000000 2.796488 −1.128509
H 0.000000 1.793324 −2.221373
O 0.000000 −2.746931 −2.090613
H 0.000000 −1.793324 −2.221373
H 0.000000 −2.796488 −1.128509
Table A56: Catersian coordinates in Angstroms (A˚) for the C2v Edge-Edge complex
with the ωB97XD method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.604835
F 0.000000 0.000000 2.218070
F 1.615057 0.000000 0.585491
F 0.000000 1.633473 0.592792
F 0.000000 0.000000 −1.041263
F −1.615057 0.000000 0.585491
F 0.000000 −1.633473 0.592792
O 0.000000 2.825765 −2.076533
H 0.000000 2.777343 −1.115342
H 0.000000 1.893227 −2.303062
O 0.000000 −2.825765 −2.076533
H 0.000000 −1.893227 −2.303062
H 0.000000 −2.777343 −1.115342
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Table A57: Catersian coordinates in Angstroms (A˚) for the C2v Edge-Edge complex
with the B3LYP-D3 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.603588
F 0.000000 0.000000 2.224646
F 1.622849 0.000000 0.582719
F 0.000000 1.640845 0.590400
F 0.000000 0.000000 −1.053519
F −1.622849 0.000000 0.582719
F 0.000000 −1.640845 0.590400
O 0.000000 2.791031 −2.094488
H 0.000000 2.800008 −1.128574
H 0.000000 1.841603 −2.263247
O 0.000000 −2.791031 −2.094488
H 0.000000 −1.841603 −2.263247
H 0.000000 −2.800008 −1.128574
Table A58: Catersian coordinates in Angstroms (A˚) for the C2v Edge-Edge complex
with the B3LYP method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.612372
F 0.000000 0.000000 2.234135
F 1.623848 0.000000 0.595145
F 0.000000 1.642634 0.599114
F 0.000000 0.000000 −1.041449
F −1.623848 0.000000 0.595145
F 0.000000 −1.642634 0.599114
O 0.000000 2.885437 −2.076078
H 0.000000 2.808668 −1.112464
H 0.000000 1.956991 −2.334080
O 0.000000 −2.885437 −2.076078
H 0.000000 −1.956991 −2.334080
H 0.000000 −2.808668 −1.112464
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Table A59: Catersian coordinates in Angstroms (A˚) for the C2v Edge-Edge complex
with the MP2 method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.605251
F 0.000000 0.000000 2.218196
F 1.615156 0.000000 0.585731
F 0.000000 1.632021 0.591599
F 0.000000 0.000000 −1.040886
F −1.615156 0.000000 0.585731
F 0.000000 −1.632021 0.591599
O 0.000000 2.806628 −2.089421
H 0.000000 2.778087 −1.123863
H 0.000000 1.862014 −2.281159
O 0.000000 −2.806628 −2.089421
H 0.000000 −1.862014 −2.281159
H 0.000000 −2.778087 −1.123863
Table A60: Catersian coordinates in Angstroms (A˚) for the C2v Edge-Edge complex
with the CCSD(T) method using the haTZ basis set.
Atom x y z
P 0.000000 0.000000 0.000000
X 0.000000 0.000000 1.000000
X 1.000000 0.000000 0.000000
X 0.000000 −1.000000 0.000000
F −1.628719 0.000000 0.013997
F 1.628719 0.000000 0.013997
F 0.000000 1.612675 0.020015
F 0.000000 −1.612675 0.020015
F 0.000000 0.000000 −1.610471
F 0.000000 0.000000 1.644367
H 2.789449 0.000000 1.731917
H −2.789449 0.000000 1.731917
O 2.783034 0.000000 2.697304
O −2.783034 0.000000 2.697304
H 1.832281 0.000000 2.857084








Figure A1: Low energy configurations identified as a result of the M06-2X/haTZ
relaxed angular scans that collapsed to one of the configurations focused on in this
study.
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